The electro-mechanical (EM) signals from piezoelectric (PZT) wafers are investigated for reference-free damage diagnosis so that a notch in a plate can be detected without requiring direct comparison with a baseline EM signal. Two identical PZT wafers collocated on both surfaces of a plate are utilized for extracting the mode-converted Lamb wave signals created by a notch. As harmonic input voltage signals are exerted on the collocated PZT wafers, the corresponding mode-converted Lamb wave signals become steady-state in the presence of damage. Applying fast Fourier transform to these mode-converted Lamb wave signals followed by a proper normalization, the EM signals associated with the mode conversion can be obtained. The theoretical finding of this paper is validated through spectral element simulations of a cantilever beam with a notch. The effects of the size and the location of the notch on the mode-converted EM signals are investigated as well. Finally, the applicability of the decomposed EM signals to reference-free damage diagnosis is discussed.
Introduction
Advances in sensor and IT technologies enable structural health monitoring (SHM) to assess damage using near realtime dynamic responses measured from structures. A large volume of research has been conducted to detect incipient damage such as cracks and delamination in metallic and composite structures using the electro-mechanical (EM) interaction between a piezoelectric transducer and a structure [1, 2] . Wafer-type piezoelectric transducers made of lead zirconate titanate (PZT) can easily be bonded on the surface of a structure to create and measure high frequency dynamic responses sensitive to incipient damage. Due to the light weight and non-intrusive nature of the PZT wafers, they have become popular for online SHM applications [1] [2] [3] .
The EM signal captured from the surface-bonded PZT wafers has a great potential in structural health monitoring for civil, mechanical and aerospace structures. Here, the EM signal implies EM impedance or EM admittance, which contains the auto-correlated frequency response information of the structure where a PZT wafer is mounted. Conventional EM signal based damage diagnosis such as the impedance-based method identify damage by comparing 'current' EM signals with 'baseline' ones obtained from the pristine condition of a structure [2] . In reality, structures are, however, subject to changing environmental and operational conditions that significantly affect measured EM signals, and these ambient variations can produce frequent false alarms [4] . A group of researchers have attempted to reduce false alarms by removing the effects of changing environmental conditions on the EM signals [5] [6] [7] [8] . These studies compensate for the horizontal and vertical shifts of measured EM impedance caused by varying temperatures before comparing it with the baseline EM impedance.
A suite of reference-free approaches based on Lamb wave propagations has been proposed [9] [10] [11] . In one of these reference-free approaches, Lamb wave mode conversion produced by notch formation is extracted using the polarization characteristics of collocated PZT wafers attached on both sides of a plate and the existence of the notch is confirmed without referring to the baseline Lamb wave signals [10] .
In this study, a reference-free method using the EM signal is proposed for damage detection in a plate. The proposed method is theoretically formulated in the context of the Lamb wave mode signal first and then extended for the EM signal considering the modal harmonic motions of a structure. The same PZT configuration as in [10] is utilized for extracting the additional EM signals produced by damage. A steady-state dynamic analysis of a coupled PZT-beam system is conducted to investigate the effect of local damage on the EM signals of collocated PZT wafers. Because a local defect typically manifests itself better in a high frequency range and the PZT wafers are often excited up to tens or hundreds of kHz, spectral element analysis is employed to properly capture the EM interaction between a base beam and the collocated PZT wafers in the high frequency range [12] . The effects of the size and the location of damage on the associated EM signals are investigated through numerical parameter studies, and the potential use of the decomposed EM signal for reference-free damage diagnosis is discussed.
Theoretical development

Decomposition of Lamb wave mode signals using the poling directionality of collocated PZT wafers
In the previous study [10] , PZT wafers were placed considering their polarization characteristics so that the mode conversion due to crack formation could be isolated. The formation of a crack in a plate induces a sudden thickness variation and becomes a source of mode conversion. If Lamb waves propagating along a thin plate encounter a discontinuity point such as a crack, then some portion of the transmitted Lamb wave modes will be converted into other modes. For example, when the first symmetric Lamb wave mode (S 0 ) arrives at the discontinuity, the transmitted wave is separated into fundamental symmetric (S 0 ) and anti-symmetric (A 0 ) Lamb wave modes (denoted as S 0 /S 0 and A 0 /S 0 , respectively). In a similar fashion, an A 0 mode is also transformed into S 0 and A 0 modes (S 0 /A 0 and A 0 /A 0 ).
Figure 1(a) shows two identical PZT wafers collocated on both sides of a plate and a source of mode conversion. Here, the source of mode conversion is assumed to be a notch. The arrows placed over and under the PZT wafers denote the poling directionalities of the PZT wafers [10] . Each PZT wafer can be used to create and detect Lamb wave modes. Because both the actuating and sensing PZT wafers are collocated on the plate, the generation and reception of Lamb wave modes take place in the pulse-echo mode [13] . For the brevity of description, only S 0 and A 0 Lamb wave modes are considered, and the S 0 mode is assumed to travel faster than the A 0 mode. In figure 1 [10] . In LWS AB and LWS BA , the relative phases of A 0 /S 0 and S 0 /A 0 are out-of-phase and cancel out completely. Therefore, no MC Lamb wave mode signals appear in LWS AB and LWS BA , as shown in figure 1(f) . Also, LWS AB is always identical to LWS BA due to the reciprocity of the linear elastodynamics [14] .
Based on this finding, the following relation can be derived to decompose the measured Lamb wave mode signals in terms of individual Lamb wave modes, that is, S 0 , MC and A 0 modes:
By monitoring the appearance of the MC Lamb wave signal (LWS MC ), the presence of damage can be identified without referring to any prior baseline Lamb wave signals. In the next subsection, the Lamb wave signal decomposition in equation (1) is applied to Lamb wave mode signals converging to the steady-state dynamic responses of the plate structure when a harmonic input voltage signal is exerted on the collocated PZT wafers.
Decomposition of Lamb wave mode signals converging to the steady-state dynamic response
Using PZT wafers placed on a host structure, both transient and steady-state dynamic responses of the structure can be easily generated and measured through the EM coupling between the PZT wafers and the structure. Figure 2 schematically illustrates how the Lamb waves induced by the PZT wafers converge to the steady-state dynamic responses of the beam. In figures 2(a) and (b), a cantilever beam with collocated PZT wafers and its 11th natural mode shape ( f = 15.4 kHz) are presented for the simplicity of explanation, and respectively for illustration purposes. As harmonic excitations of 15.4 kHz are applied to the PZT wafers, Lamb waves begin to propagate from the actuating PZT wafers, as shown in figure 2(c) [13] . Then, the incident Lamb waves and reflections from the boundaries of the beam are superimposed, producing the transient dynamic states in figure 2(d). As the harmonic excitations continue to be applied to the PZTs, the transient Lamb waves converge to resonant standing waves (figure 2(e)), producing the natural mode shape in figure 2(b) [15] .
Next, a numerical simulation is conducted to investigate the characteristics of the mode-converted Lamb waves when LWS from the modal harmonic motions of the structure and explicitly investigated its resonance characteristics.
Two important implications drawn from these observations are that (i) the presence of damage can be identified without referring to any baseline signals through equation (1) even after the Lamb waves have converged to the steady-state response of a structure and (ii) the damage detectability can be improved particularly in the case of incipient damage because the magnitude of the mode-converted LWS will be amplified through the resonance of the structure.
Decomposition of EM signals
It is well known that the modal dynamic responses of a structure are reflected in the EM signals measured by a PZT wafer, such as EM admittance or EM impedance [2] . More specifically, EMS i j represents an EM signal as a frequency response function at the i th sensing PZT when an input driving voltage I is applied to the j th PZT wafer as follows: where [·] stands for the Fourier transform operator, LWS i j is the Lamb wave mode signal at the i th PZT corresponding to an input at the j th PZT, and ω is the angular frequency. From equations (2) and (1) the decomposed EM signals corresponding to each Lamb wave mode can be obtained:
. The decomposed EM signals corresponding to each Lamb wave mode are shown in figures 5(a)-(c) . In the case of the intact cantilever beam, EMS MC is a null signal, as shown in figure 5(c) . On the contrary, EMS MC clearly appears in figure 5(c) due to damage, particularly in the vicinity of the resonant frequencies of the beam. Therefore, the existence of Figure 6 . Spectral elements used to simulate the EMS considering (a) the interaction between the collocated PZT wafers and the beam (a coupled PZT-beam system (CPBS, reprinted from [12] , copyright 2010, with permission from Elsevier), and (b) a notch on the beam [16] .
damage can be easily confirmed from EMS MC without the need for any prior baseline EM signal. Furthermore, because the appearance of EMS MC is not affected by temperature variation, no cumbersome temperature compensation is necessary for damage identification.
Spectral element analysis for a coupled PZT-beam system (CPBS)
The interaction between a PZT wafer and a host structure should be properly considered if the PZT wafer is used for simultaneous excitation and sensing of the EMS in a relative high frequency range. In this study, the spectral element (SE) analysis for the CPBS developed by Park et al is employed for the steady-state dynamic analysis of the EMS obtained from the collocated PZT wafers [12] . This spectral element analysis can compute the EMS in the high frequency domain very accurately with very low computing cost compared to the conventional FE analysis [12] . Figure 6 (a) illustrates the CPBS consisting of a base beam with collocated PZT wafers. The thicknesses of the based beam and each PZT wafer are denoted as h b and h p , respectively, and the collocated PZT wafers are assumed to be perfectly bonded on both sides of the base beam. Figure 6 (b) shows a notch spectral element, and a detailed description of the kinematic assumptions on the notch element can be found in [16] .
Kinematic and constitutive assumptions and equations of motion for a CPBS
The displacement field of the base beam in figure 6 (a) is defined by the following equation based on the Timoshenko beam theory and Mindlin-Herrmann theory [17] :
where u b , ψ b , v b , and φ b represent horizontal displacement, lateral contraction rate, vertical displacement, and the rotational angle on the neutral axis of the base beam, respectively. It is known that Mindlin-Herrmann theory and Timoshenko beam theory well approximate the first symmetric (S 0 ) and the first anti-symmetric (A 0 ) modes of Lamb waves, respectively [14] . Because the collocated PZT wafers bonded on the base beam in figure 6 (a) are relatively thin compared to the base beam, the displacement fields of the PZT wafers are defined through the Euler-Bernoulli beam theory and the elementary rod theory [12] . Assuming that the collocated PZT wafers are perfectly bonded on the base beam, the response variables on the neutral axis of the PZT wafers are represented with respect to those of the base beam [12] :
where u p , v p , and φ p denote horizontal displacement, vertical displacement and the rotational angle on the neutral axis of the PZT wafer, respectively. Furthermore, ( ) denotes a derivative operator with respect to x and the over-and underbars of each variable indicate the PZT wafers mounted on the top and bottom of the base beam, respectively. Note that φ p = dv p /dx and φ p = dv p /dx based on the Euler-Bernoulli beam theory. Because a 3-1 type single sheet PZT layer is employed in this study, the electro-mechanical behavior of a PZT layer is defined based on the one-dimensional linear piezoelectricity [18] :
where σ, ε, C
33 , h 31 , and D denote the normal stress, the normal strain, the elastic modulus, the electric field, the dielectric constant, the piezoelectric constant, and the electric displacement of the PZT layer, respectively. The superscripts Using equations (4)- (6), the linear strain-displacement relations and Hooke's law of an elastic continuum, the kinematic energy (T ), the strain energy (U ) and the potential energy ( ) of the CPBS are derived. Once each energy of the CPBS has been formulated, the following Hamilton's principle is used to derive the equations of motion [14] . Full details of deriving the equations of motion for the CPBS are provided in [12] :
Procedures for the spectral element formulation
Once the equations of motion have been obtained through Hamilton's principle in equation (7), the governing equations and force boundary conditions are represented with respect to the response variables of the base beam in the time domain. In the spectral element formulation, these governing equations and force boundary conditions are transformed to the frequency domain. Figure 7 illustrates the overall procedures for the spectral element formulation of the CPBS. The stiffness element matrix and nodal force vector are obtained through the procedures in figure 7 , and the nodal displacement vectors of the CPBS are calculated in the frequency domain. Using the nodal displacement vectors of the CPBS, the EMS for each PZT wafer of the CPBS is computed [12] . 
Numerical simulation
Comparison of the EMS computed from SE and FE analyses
In this section, the EM signals obtained from the collocated PZT wafers on a cantilever beam with a notch are simulated through SE analysis to demonstrate the validity of the theoretical findings in section 2. First, the accuracy and the effectiveness of the SE analysis are compared with those of 2D FE analysis. Two identical PZT wafers are collocated on the top and bottom surfaces of a base beam, denoted by PZTs A and B, respectively. The PZT wafers are of PSI-5A4E type [20] , and their length and thickness are 10 mm and 0.507 mm, respectively. The PZT wafers are assumed to be short-circuited. The base beam (198 mm × 3 mm) is made of aluminum of which the elastic modulus and Poisson ratio are 70 GPa and 0.33, respectively. A notch (1 mm × 1 mm) is introduced on the top surface of the base beam 34 mm away from the collocated PZT wafers. The structural damping of the base beam is assumed to be 0.5%. A total of four elements (one notch, two single beam and one CPBS elements) in figure 6 are used for SE analysis. Since the analytical solution is unavailable, an asymptotic reference solution is obtained by 2D FE analysis with a sufficiently refined mesh layout. Twenty 8-node quadratic plane stress solid elements (1 mm × 0.507 mm per element) and 593 8-node quadratic plane stress solid elements (1 mm × 1 mm per element) are used for discretizing the PZT wafer and the base beam, respectively. FE analysis is conducted through 'Steady-State Dynamic Analysis, Direct' of ABAQUS 6.7-4/Standard [21, 22] .
A harmonic input with an amplitude of ±1.0 V is applied on the top of PZTs A and B alternately, and the driving frequency is varied from 0 to 30 kHz. The frequency resolution is set to be 1 Hz for computing the EM signal. Here, the EM signal represents the EM admittance, which is defined as the ratio of the output current to the input voltage in the frequency domain. Figures 9(a)-(c) compare the EM signals computed from SE analysis with those from FE analysis. Several peaks in the EM signals indicate the resonance frequencies of the damaged cantilever beam. The EM signals calculated from SE analysis are practically identical to those from FE analysis. Figure 9(d) shows the relative differences between the resonance frequencies calculated from the SE and FE analyses up to the 57th mode. SE analysis yields very accurate resonance frequencies within ±0.5% relative error compared with those from FE analysis. SE analysis is shown to produce satisfactory results with fewer elements compared with FE analysis, in which a huge number of elements is required. The computing time per one frequency step taken in SE analysis is 3.9 ms while that taken in FE analysis is 360 ms. The detailed computing environment for the SE and the FE analyses can be found in the previous work of the authors [12] . Figure 10 (a) compares the resonance frequencies of the damaged cantilever beam to those of the intact one. Although there is a slight deviation at the 37th mode, both the SE and FE analyses successfully predict the change of the resonance frequencies produced by the formation of the notch, validating the notch element employed in SE analysis. Figure 10(b) shows the relative errors between the SE and FE analyses of the intact and damaged conditions of the beam. The relative errors for the damaged case are slightly higher for several modes compared with the intact case. However, the magnitude of the relative error remains below 0.5% up to 200 kHz, which corresponds to the 57th mode. SE analysis is conducted to compute the EM signals from the collocated PZT wafers under the 2D plane stress condition. The mesh layout for SE discretization is identical to that used in section 4.1. The same circuit scheme as that in figure 3(b) is adopted, which allows the excitation and sensing of collocated PZT wafers and the subsequent acquisition of EM signals. From the sensing circuit of each PZT wafer, an output voltage across the reference capacitor is measured to obtain the electromechanical admittance.
Parameter study for varying location and severity of damage
For the aforementioned damage scenarios, a harmonic driving voltage with an amplitude of ±1 V is exerted on the top of PZTs A and B alternately. At the same time, EMS AA , EMS AB and EMS BB corresponding to the harmonic When d/H is greater than 0.3, the RMS values for x n = 80 cm are larger than those for x n = 100 and 150 cm. The authors believe that the surface strain mode shape in the vicinity of the notch plays a crucial role in determining EMS MC and the RMS values. A sensitivity analysis of RMS values in terms of the notch location is now under consideration through analyzing the modal surface strain of the base beam. A preliminary result on the relationship between the modal surface strain and EMS MC is provided in section 4.3. In conclusion, the possibility of a reference-free approach using EMS MC has been demonstrated through the parameter study for detecting notchshaped damage with varying locations and depths on a plate.
The effects of the modal surface strain shape (MSSS) on the amplitude of EMS MC
When the EMS is measured from a surface-mounted PZT wafer, the amplitude of the EMS is proportional to that of the surface strain of a host structure. The dynamic surface strain becomes steady-state in the presence of harmonic excitation and can be represented by the mode shape at each resonant frequency. For the brevity of description, this mode shape of the surface strain is referred to as the modal surface strain shape (MSSS) hereafter. Note that the MSSS shares the common terms used in modal analysis such as node and anti-node.
The effect of the MSSS on the amplitude of EMS MC is investigated for the damaged cantilever beam in figure 11 . Here, the MSSS is calculated through SE analysis. Figure 13(a) presents EMS MC from 0 to 30 kHz, which is normalized with respect to the peak amplitude at the 11th mode in the dB scale. Considering each peak amplitude and the corresponding MSSS, the 9th, 11th and 13th modes are selected for the investigation. Among the selected modes, the 11th mode shows the largest peak amplitude (0 dB) in figure 13 (a). Figure 13(b) presents the MSSS at the 11th mode in which the PZT wafers as well as the notch are located at the antinodes of the MSSS. The peak amplitude of the 9th mode is −11.9 dB, being four times smaller than that of the 11th mode. Figure 13(c) illustrates that the PZT wafers are located at the node of the 9th MSSS while the notch is at the anti-node. Finally, the peak amplitude of the 13th mode is −21.7 dB, being five times smaller than that of the 13th mode. The PZT wafers and the notch are located on the nodes of the 13th MSSS, as shown in figure 13(d) . From the numerical results in figure 13 , the sweet spots for the PZTs and the notch producing the large peak amplitude of EMS MC are found to be the antinodes in each MSSS. If either of the PZTs or the notch falls on the node of the MSSS, the peak amplitude of the corresponding EMS MC decreases significantly ( figure 13(c) ). If both the PZTs and the notch are on the node of the MSSS, the peak amplitude of the corresponding EMS MC becomes significantly smaller ( figure 13(d) ).
Two important implications can be drawn for the damage diagnosis of a plate structure using EMS MC . First, the PZT wafer should be placed carefully considering the MSSS involved within the chosen driving frequency range. The MSSS can be computed through either FE or SE analysis. Then, the sweet spots such as the antinodes of the MSSS can be selected. By installing the PZT wafer at one of these sweet spots, the sensing and actuating capabilities of the PZT wafer can be greatly improved. Second, the usage of a broad band frequency range is recommended for capturing EMS MC . Unlike the installation of the PZT wafer, no one can guarantee that damage will occur at the sweet spots. Fortunately, this uncertainty can be considerably reduced because the number of sweet spots increases through multiple modal surface strain shapes existing within the broad band frequency range.
Finally, the sensitivity analysis of the MSSS on EMS MC through SE analysis will open up the opportunity of selecting the optimal number and placement of the PZT wafers enhancing damage detectability for a plate.
Conclusion
This study proposes a new technique that instantaneously isolates the electro-mechanical (EM) signal induced by notchlike damage using a pair of piezoelectric (PZT) wafers collocated on both surfaces of a plate, but without direct comparison with a previously obtained baseline EM signal. Previously, it has been shown that a sudden thickness change such as a notch in a plate structure produces mode conversion of Lamb wave signals, and the converted Lamb waves associated with the notch have been identified using the polarization characteristics of the collocated PZT wafers. In this study, the relationship between the Lamb wave and EM signals is explained and the previous Lamb wave mode decomposition technique is extended to extract EM signals related to notch formation.
Numerical simulations for a cantilever beam with two collocated PZT wafers are performed to demonstrate the effectiveness of the proposed technique. In particular, spectral element analysis is adopted for a numerical parameter study because of its computational efficiency and high accuracy for modeling the interaction between the PZT wafer and the host structure up to the desired high frequency range (0-30 kHz). The possibility of a reference-free approach using EM signals has been numerically demonstrated for detecting notch-shaped damage with varying locations and depths. The relation between modal surface strain shape and EM signals induced by a notch has been investigated for improving damage detectability.
Compared with the previous approach using the transient mode-converted Lamb wave signal, the EM signal based approach is believed to be more sensitive to an incipient defect because the steady-state harmonic excitation to the PZTs creates the resonance of the damage-induced EM signal at its natural frequencies, achieving a higher signal-to-noise ratio than can be achieved by the Lamb wave signal based approach. Because Lamb wave and EM signal based techniques share the same PZT wafer configuration for damage diagnosis, these two techniques can be performed simultaneously and complementarily to each other, improving the confidence in damage diagnosis. For example, a pulse-echo method using the Lamb wave reflection strategy [23, 24] , which is known to be sensitive to incipient defects, can be employed for this PZT wafer configuration.
Finally, because the extraction of damage-induced EM signals is accomplished independently of any previously stored EM signals from the pristine condition of the plate being monitored, this opens up an opportunity to develop a reference-free damage detection technique using EM signals. An actual reference-free damage detection technique using EM signals is developed, and its performance under varying temperature and loading conditions is examined in the companion papers [25, 26] .
